Objective: To investigate the effect of nitric oxide (NO) on mitochondrial activity and its relation with the apoptosis of human articular chondrocytes. Materials and methods: Mitochondrial function was evaluated by analysing respiratory chain enzyme complexes, citrate synthase (CS) activities, and mitochondrial membrane potential (Dym). The activities of the mitochondrial respiratory chain (MRC) complexes (complex I: NADH CoQ 1 reductase, complex II: succinate dehydrogenase, complex III: ubiquinol cytochrome c reductase, complex IV: cytochrome c oxidase) and CS were measured in human articular chondrocytes isolated from normal cartilage. The Dym was measured by 5,59,6,69-tetracholoro-1,19,3,39-tetraethylbenzimidazole carbocyanide iodide (JC-1) using flow cytometry. Apoptosis was analysed by flow cytometry. The mRNA expression of caspases was analysed by ribonuclease protection analysis and the detection of protein synthesis by western blotting. Sodium nitroprusside (SNP ) was used as an NO compound donor. Results: SNP at concentrations higher than 0.5 mmol/l for 24 hours induced cellular changes characteristic of apoptosis. SNP elicited mRNA expression of caspase-3 and caspase-7 and down regulated bcl-2 synthesis in a dose and time dependent manner. Furthermore, 0.5 mM SNP induced depolarisation of the mitochondrial membrane at 5, 12, and 24 hours. Analysis of the MRC showed that at 5 hours, 0.5 mM SNP reduced the activity of complex IV by 33%. The individual inhibition of mitochondrial complex IV with azide modified the Dym and induced apoptosis. Conclusions: This study suggests that the effect of NO on chondrocyte survival is mediated by its effect on complex IV of the MRC.
O steoarthritis (OA) is the most common cartilage and joint disease related to age. 1 2 Activated chondrocytes produce extracellular matrix degrading enzymes; this process is associated with enhanced cell proliferation and death. In the cartilage of humans with OA, increased numbers of chondrocytes have been found to undergo apoptosis. 3 Those areas of cartilage containing apoptotic cells showed proteoglycan depletion and, furthermore, the number of apoptotic cells correlated significantly with the severity of OA. 4 These results all suggest that apoptotic death of articular chondrocytes is implicated in the pathogenesis of human OA.
Mitochondria are complex organelles that oxidise a wide range of metabolic intermediates. It has been reported that in living cells, these organelles have a characteristic appearance that is dependent on the tissue type and the oxidative state of the cell. Multienzyme complexes located in both the inner mitochondrial membrane and the mitochondrial matrix oxidise tricarboxylic acid cycle intermediates derived from primary nutrients. ATP is generated by the activity of an electrogenic proton pump that spans the inner mitochondrial membrane. Mitochondrial impairment and defective oxidative phosphorylation have been linked to some human disorders. 5 6 The analysis of mitochondrial respiratory chain (MRC) activity in OA cells showed a significant decrease in complexes II and III in comparison with normal chondrocytes. 7 Mitochondria are important in regulating both caspase dependent and caspase independent apoptotic pathways. [8] [9] [10] [11] [12] The classic signs of cell death are preceded by mitochondrial alterations [13] [14] [15] and include a loss of mitochondrial membrane potential (Dym), 10-12 15 a decrease in energy production, 14 16 an increase in the permeability of the mitochondrial membrane, 17 and a release of pro-apoptotic factors such as cytochrome c. 18 19 Nitric oxide (NO) is a messenger implicated in both chondrocyte death and protection from oxidative damage induced on chondrocytes. 4 20-25 NO synthesis is enhanced in OA cartilage. 20 21 A variety of NO donors have been shown to suppress energy production by mitochondrial respiration in different cell types. [26] [27] [28] [29] [30] In chondrocytes, two studies have shown that NO donors suppress respiration and ATP generation, suggesting a contribution to matrix loss and cartilage mineralisation. 31 32 However, the precise mechanism by which NO compound donors block mitochondrial respiration and ATP production, and by which they induce apoptosis, is unknown. 33 This study was designed to investigate the effect of NO on the mitochondrial activity of human articular chondrocytes, and to analyse whether its effect on mitochondrial activity is the mechanism by which it induces apoptosis. The results suggest that sodium nitroprusside (SNP; an NO donor compound) induces chondrocyte apoptosis because it reduces the activity of complex IV of the MRC.
MATERIALS AND METHODS
Primary culture of chondrocytes Normal human knee cartilage was obtained at necropsy from 30 adult cadavers (mean (SD) age 59.7 (21.0) years) who had no history of joint disease and who had macroscopically normal cartilage. Human OA cartilage was obtained from the femoral heads of six patients who were undergoing joint replacement surgery (mean (SD) age 63.5 (7)).
The cartilage surfaces were first rinsed with sterile saline. Scalpels were used to cut vertically from the cartilage surface onto the subchondral bone in parallel sections 5 mm apart. These cartilage strips were then resected from the subchondral bone. The tissue was incubated at 37˚C with trypsin for 10 minutes. After removing the trypsin solution, the cartilage slices were treated with type IV collagenase (2 mg/ml; Sigma, St Louis, MO) for 12-16 hours. Chondrocytes were recovered and plated at high density (4610 6 per 162 cm 2 flask; Costar, Cambridge, MA) in Dulbecco's modified Eagle's medium (DMEM; Life Technologies, Paisley, UK) supplemented with 100 U/ml penicillin, 100 mg/ml streptomycin, 1% glutamine, and 10% fetal bovine serum (Life Technologies). Experiments without glucose were carried out in DMEM free glucose media (Life Technologies, Paisley, UK). The chondrocyte cultures were incubated at 37˚C in a humidified gas mixture containing 5% CO 2 balanced with air. Chondrocytes used in these experiments were at confluency in primary culture at 2-3 weeks. Cell viability was assessed by trypan blue dye exclusion (viability was .95%).
Treatment of chondrocytes with MRC inhibitor
Sodium azide (NaN 3; Sigma), a mitochondrial inhibitor of complex IV, was added from a 1 M stock solution dissolved in distilled water, after which it was added directly to the culture medium and allowed to incubate for an additional period (5, 12, 24, or 48 hours). This compound was stored as a 1 M stock solution in distilled water at 4˚C.
DNA labelling technique for flow cytometric analysis Cells were fixed in 70% ethanol at 4˚C for 60 minutes, washed, and incubated with RNAse (50 mg/ml) and propidium iodide (PI, 100 mg/ml) for 15 minutes at room temperature in the dark and then kept at 4˚C. The PI fluorescence of nuclei was measured by flow cytometry on a FACScan (Becton and Dickinson, Mountain View, CA) using a 560 nm dichromatic mirror and a 600 nm band pass filter. Data are expressed as a percentage of apoptotic (hypodiploid) nuclei.
Determination of mitochondrial membrane potential (Dym)
To measure the Dym of chondrocytes, the fluorescent probe JC-1 (5,59,6,69-tetrachloro-1,19,3,39-tetraethylbenzimidazole carbocyanide iodide) was used. JC-1 exists as a monomer at low values of Dym (green fluorescence), while it forms aggregates at a high Dym (red fluorescence). Thus, mitochondria with a normal Dym concentrate JC-1 into aggregates (red fluorescence), but with a de-energised or depolarised Dym, JC-1 forms monomers (green fluorescence).
Briefly, chondrocytes (5610 5 ) were collected by trypsinisation, washed in phosphate buffered saline (PBS, pH 7.4) and incubated for 15 minutes at 37˚C with 10 mg/ml JC-1. Cells were pelleted at 200 g for 5 minutes, washed in PBS, and analysed by flow cytometry using a FACScan and Cell Quest software (Becton Dickinson, Mountain View, CA). The analyser threshold was adjusted on the FSC channel to exclude most of the subcellular debris. Photomultiplier settings were adjusted to detect JC-1 monomer fluorescence signals on the FL1 detector (green fluorescence, centred at ,390 nm) and JC-1 aggregate fluorescence signals on the FL2 detector (red fluorescence, centred at ,340 nm). Data analyses were performed with Paint-a-Gate Pro Software (Becton Dickinson). Mean fluorescence intensity values for FL1 and FL2, expressed as relative linear fluorescence channels (arbitrary units scaled from channels 0 to 10 000), were obtained for all experiments. In each experiment at least 20 000 events were analysed. The relative ratio of aggregate to monomer (red/green) fluorescence intensity values was used for data presentation.
Measurement of the MRC complex activities in digitonin permeabilised chondrocytes Chondrocytes (at least 10610 6 ) were collected by trypsinisation, washed with PBS, and sedimented at 150 g for 5 minutes at 4˚C. The pellet was resuspended in 2 ml of ice cold solution containing 20 mM 4-morpholinepropane sulphonic acid (MOPS), 0.25 M sucrose, and 200 mg of digitonin, per 5610 6 cells. After 5 minutes' incubation on ice, the suspension was centrifuged at 5000 g for 3 minutes at 4˚C. The pellet was treated with 1.5 ml of 20 mM MOPS, 0.25 M sucrose, and 1 mM EDTA buffer, incubated for 5 minutes and pelleted at 10 000 g for 3 minutes at 4˚C. The pellet was resuspended in 200 ml 10 mM phosphate buffer (KP; pH 7.4), frozen and thawed once, and then mildly sonicated.
Digitonin permeabilised chondrocyte homogenates (10-50 ml per 1 ml of test volume) were used to measure the activities of the respiratory chain enzymes and citrate synthase (CS) in a DU-650 spectrophotometer (Beckman Instruments, Palo Alto, CA). Incubation temperatures were 30˚C for rotenone sensitive NADH coenzyme Q 1 reductase (complex I), succinate dehydrogenase (complex II), antimycin sensitive ubiquinol cytochrome c reductase (complex III), and CS, and 38˚C for cytochrome c oxidase (complex IV). Enzyme activities were normalised to the specific activity of CS to correct for mitochondrial volume.
Briefly, complex I was measured by following the oxidation of NADH at 340 nm in 20 mM KP (pH 8.0), 200 mM NADH, 1 mM NaN 3 , 0.1% bovine serum albumin-EDTA, and 100 mM ubiquinone-1 (Sigma Chemicals), in the absence of rotenone (Calbiochem) and then in the presence of 5 mM rotenone so that a rotenone sensitive rate of NADH oxidation could be calculated. Succinate dehydrogenase (complex II) was assessed by following the reduction of 2,6-dichlorophenolindophenol (Sigma Chemicals) at 600 nm in 50 mM Tris-KP (pH 7), 1.5 mM KCN, 100 mM 2,6-dichlorophenolindophenol, and 32 mM succinate (Sigma Chemicals). Complex III was assayed by measuring the reduction of cytochrome c at 550 nm in 50 mM KP (pH 7.5), 2 mM NaN 3 , 0.1% bovine serum albumin-EDTA, 50 mM cytochrome c (Roche), and 50 mM decyl-ubiquinol (Sigma Chemicals) in the absence of antimicyn A (Sigma Chemicals) and then in the presence of 0.01 mg/ml antimycin A, so that an antimicyn A sensitive rate of cytochrome c reduction could be calculated. Complex IV was measured by following the oxidation of reduced cytochrome c at 550 nm in 10 mM KP (pH 7) and 80 mM reduced cytochrome (freshly prepared before each experiment by adding sodium dithionite (Sigma Chemicals)). CS was evaluated at 420 nm in 75 mM Tris HCl (pH 8), 100 mM 5,5'-dithiobis-(2-nitrobenzoic) acid (Sigma Chemicals), 350 mg/ml acetyl-coenzyme A (Sigma Chemicals), 0.5 mM oxaloacetate (Roche), and 0.1% Triton X-100 (Sigma Chemicals).
RNA isolation and ribonuclease protection analysis (RPA)
Total RNA was extracted from chondrocytic cells by the guanidine isothiocyanate-phenol-chloroform method. Concentration and purity of the samples were determined by spectrophotometry. The probe preparation for the RPA was carried out according to the instructions of the manufacturer (BD Pharmingen, Heidelberg, Germany). Briefly, single strand antisense RNA probes, labelled with a-[
32 P]CTP (Amersham, Buckinghamshire, UK), were synthesised from linearised plasmids using T7 RNA polymerase (BD Pharmigen). Approximately 10 6 cpm of probes were hybridised overnight at 56˚C with 10-12 mg of total RNA in 10 ml of hybridisation buffer. Unhybridised RNA was digested for 45 minutes at 30˚C in 100 ml RNAse solution. Then, 18 ml of proteinase K cocktail was added to each sample and incubated for 15 minutes at 37˚C to remove the nucleases. The mixture was extracted with phenol/chloroform/isoamyl alcohol and precipitated with ethanol. The protected fragments were analysed on 6% TBE-urea gel (Invitrogen, Paisley, Scotland, UK) and by subsequent autoradiography with X-OMAT AR film (Eastman Kodak). To quantify the relative amounts of mRNA of caspases, the protected RNA fragments were scanned by bidimensional laser densitometry (Amersham, Buckinghamshire, UK). Data were standardised to the housekeeping gene L-32, and results were expressed as the percentage of basal gene expression as arbitrary densitometric units.
Western blot
After appropriate stimulation with different agents, OA cells were washed in ice cold PBS, pH 7.5, and lysed in 0.2 M TrisHCl, pH 6.8 containing 2% sodium dodecyl sulphate (SDS), 20% glycerol, 1 mg/ml cocktail inhibitor, and 1 mM phenyl methyl sulphonyl fluoride (Sigma Chemicals). Samples were boiled for 5 minutes and protein concentrations were determined using a BCA reagent assay (Pierce Chemical Co, Rockford, IL, USA). Protein extract (30 mg) was resolved on 12.5% SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes (Immobilon P, Millipore Co, Bedford, MA, USA). Membranes were blocked in Tris buffered saline, pH 7.4 containing 0.1% Tween-20, and 5% non-fat dried milk for 60 minutes at room temperature. They were then incubated overnight with mouse antihuman bcl-2 (R&D, Abingdon, UK), 5 mg/ml, in fresh blocking solution at 4˚C. After washing, bcl-2 protein was detected by incubation with peroxidase conjugated secondary antibodies and developed using an ECL chemiluminescence kit (Amersham). To assure that equal amounts of total proteins were charged, we also hybridised each membrane with anti-a-tubuline (Sigma).
Statistical analyses Data analyses were performed with SPSS, version 10.0 (SPSS, Chicago, IL). Results are expressed as the mean (SD). Cells from different donors were not pooled in any experiment.
Comparisons between groups were carried out using the Mann-Whitney two tailed U test or Student9s two tailed t test. Values of p(0.05 were considered significant.
RESULTS

Effect of NO on chondrocyte survival
Dose-response and time course analyses of SNP treated normal human chondrocytes showed that this NO donor compound induces chondrocyte apoptosis. Incubation of chondrocytes with SNP at doses higher than 1 mmol/l for 12 hours significantly increased the number of apoptotic cells in culture (fig 1) . The morphological changes induced by SNP in human chondrocytes (for example, condensation, margination, and fragmentation of the genomic DNA) were characteristic of apoptosis. Furthermore, changes in the cytoplasmic membrane, such as bubbles, were detected (fig 2) .
Studies carried out in normal chondrocytes showed that 0.5 mM SNP elicited the mRNA expression of caspase-3 and caspase-7 in a dose and time dependent manner (fig 3) . There was a rapid rise by 6 hours after stimulation that began to diminish by 12 hours and reached basal levels at 48 hours. Values at 12 hours versus basal level were: caspase-3, 142% and caspase-7, 133%. In contrast, SNP did not modify caspase-1, -2, -5, -6, -8, or granzyme B 4C) . This effect on mitochondrial depolarisation was reversible ( fig 5) . In relation to the enzymatic activity of the MRC, SNP significantly reduced the activity of complex IV (table 1) in normal human chondrocytes. However, SNP did not affect the activity of complexes I, II, or III, or that of CS.
Effect of NO on mitochondrial function
The Bcl-2 family of proteins are ubiquitous regulators of cell death. The mechanism of action of several member of this family appears to involve mitochondria. Bcl-2 exerts at least some of its anti-apoptotic effects by regulating mitochondrial homoeostasis, in particular by maintaining the mitochondrial-cytosolic coupling of oxidative phosphorylation and the Dym. Normal chondrocytes do not contain bcl-2 protein and SNP did not affect its basal level. However, basal levels of bcl-2 protein in OA chondrocytes were increased and they were down regulated by SNP at 0.5 mmol/l at 24 hours (fig 6) .
Effect of MRC inhibitors on Dym and apoptosis
The kinetic results showed that 1 and 10 mM NaN 3 at 5 and 24 hours slightly reduced the ratio of red/green fluorescence ( fig 7A) . A detailed examination of the populations showed that NaN 3 caused a reduction in the percentage of cells with normal mitochondrial polarisation (NaN 3 at 10 mmol/l: 15.90 (12.05)% v control: 43.45 (15.2)%; p(0.05). However, it did not modify the percentage of cells with mitochondrial depolarisation (fig 7B) . Glucose is metabolised by mitochondria and participates in maintaining the Dym. The culture of chondrocytes with glucose-free medium did not alter the Dym of chondrocytes. In contrast, deprivation of glucose increased the effect of NaN 3 on Dym and on the percentage of cells with mitochondria depolarisation (fig 7) .
To test the significance of complex IV inhibition on apoptosis we also carried out experiments using NaN 3 . The results showed that the inhibition of complex IV with NaN 3 at 1, 5, and 10 mmol/l at 12, 24, and 48 hours did not induce significant apoptosis of chondrocytes (fig 8) . However, deprivation of glucose in the culture medium significantly increased the percentage of apoptotic cells.
DISCUSSION
As far as we know, this is the first study analysing the effect of exogenous NO on the enzymatic activity of MRC complexes I-IV, CS, and on Dym in human normal articular chondrocytes, and the possible implications for apoptosis. We measured respiratory chain complexes normalised to CS activity because this enzyme is considered to be a marker of mitochondrial mass and because the specific respiratory complex to CS ratio indicates whether differences in complex activities are due to the enrichment in mitochondrial proteins or to a change in mitochondrial metabolic function. 7 Furthermore, the accurate assessment of Dym within living cells under physiological conditions is essential for an understanding of the role of mitochondria in altered cell function after the inhibition of mitochondrial enzymes. 34 NO seems to have both beneficial and detrimental effects on the cellular death or survival outcome; the exact role of NO in this case is not fully understood. A direct investigation of the function of exogenous NO production on chondrocytes has been hampered by the lack of uniformity that exists between the different types of NO donor compounds. 33 We used SNP as the NO donor compound because it is used in the majority of studies. Our results confirmed that SNP reduces chondrocyte survival and induces cell death, with morphological changes characteristic of chondrocyte apoptosis. Furthermore, we demonstrated that SNP induces the mRNA expression of caspase-3 and caspase-7 only, and reduces the synthesis of bcl-2, an anti-apoptotic molecule. These results found in human normal chondrocytes are in agreement with other reports using rabbit 35 and human OA chondrocytes. 36 In contrast, TNF increased bcl-2 synthesis in chondrocytes, and cultured cells were resistant to apoptosis by TNFa alone, but combined treatment of TNFa with actinomycin D reduced the bcl-2 synthesis and increased apoptosis in a dose and time dependent manner (personal data).
In mitochondrial oxidative phosphorylation, electron transport is coupled along four enzyme complexes (I-IV) in the mitochondrial inner membrane, and ATP is synthesised from ADP at complex V (ATP synthase). NO is a multifunctional molecule that mediates various biological processes. In chondrocytes the most direct effect of NO seems to be the suppression of energy metabolism. In rabbit and human chondrocytes several investigators have reported that SNP suppresses mitochondrial respiration by reducing oxygen consumption and by diminishing ATP levels. [31] [32] [33] However, studies elucidating the effect of NO or SNP on the MRC activity of normal human chondrocytes have not yet been reported. We have shown that SNP reduces the activity of complex IV exclusively.
The proton electrochemical gradient potential is the sum of the Dym and the proton gradient. Because the pH component is generally small, Dym reflects the functional status of the mitochondria. 26 34 Some reports suggest that the activity of both caspases and apoptosis depends on the reduction of Dym and/or the induction of mitochondrial permeability transition. We found that SNP mediates mitochondrial depolarisation in normal human chondrocytes, as demonstrated both by a rise in green fluorescence (mitochondrial depolarisation) and by a drop in red fluorescence (normal mitochondrial polarisation).
A possible explanation for the finding that SNP induces apoptosis is the interaction of additional reactive oxygen species (ROS) that may be concomitantly produced as a consequence of the NO donor compound itself. An increased intracellular level of ROS is a demonstrated condition under which the intracellular redox status of the chondrocyte can directly mediate whether NO will become cytotoxic through the formation of other reactive nitrogen species (RNS). 38 Then, the action of NO on MRC and Dym activity can modulate the production of ROS by mitochondria and the increased cytotoxicity that is associated with NO and with some RNS, such as peroxynitrite. Peroxynitrite reacts with mitochondrial membranes significantly inhibiting the activities of complexes I, II, and III. Because we found that SNP only inhibits complex IV and Del Carlo et al reported that SNP remains cytotoxic even in the presence of ROS scavengers, 33 it is unlikely that SNP uses this mechanism of action.
It has been reported that NO also directly inhibits complex IV by the reversible binding of NO to cytochrome c oxidase in competition with oxygen. 38 39 One approach for determining if the cell death caused by SNP is mediated directly by the inhibition of complex IV is to determine the effect of NaN 3 on cytotoxicity and mitochondrial activity. Our results showed that the inhibition of complex IV with NaN 3 modified the Dym or the survival of chondrocytes. NaN 3 induced apoptosis in both conditions-that is, cells cultured with and without glucose, but its effect was greater when glucose was absent. A possible explanation is that the inhibition of complex IV exclusively is not enough to induce apoptosis and other cellular events, such as a reduction in the intake of glucose, need to be present to induce it.
Another possible mechanism to explain the effect of SNP on cell survival and mitochondrial activity is that involving the products of the decomposition of SNP, such as the cyanide anion. It has been reported that cyanide induces irreversible inhibition of complex IV. 37 39 However, we have demonstrated that the effect of SNP on mitochondrial activity is reversible. Furthermore, cyanide did not modify mitochondrial polarisation and it did not induce chondrocyte apoptosis (data not shown).
Cartilage is a tissue influenced by acting factors both in the epiphysial zone (deep zone) and synovial fluid or synovium (superficial zone). Several lines of experimentation suggest that provision of glucose and oxygen supplied from synovial fluid may be critical, particularly for chondrocytes in the deep zone. 40 41 Recent studies suggest that glucose and oxygen may be particularly critical in cellular apoptosis. 42 In our case, chondrocytes from the superficial and deep zones were kept in standard media with high glucose concentration (4.5 mmol/l) and aerobic conditions that could lead cells to obtain their energy predominantly from an anaerobic glycolysis and to cells which are more resistant to apoptosis. Thus, we showed that the culture of chondrocytes in medium without glucose did not modify the survival, but both the inhibition of complex IV and glucose deprivation increased the percentage of apoptotic chondrocytes and reduced the red/green ratio showing a profile of depolarisation very similar to the SNP profile (reduced number of cells with normal polarisation and increased number cells with mitochondrial depolarisation).
In summary, SNP, a traditional NO donor compound, induces morphological changes characteristic of chondrocyte apoptosis. Furthermore, SNP induced an increase of caspase-3 and caspase-7 mRNA and down regulation of the bcl-2 protein. It also reduces the enzyme mitochondrial activity of complex IV, and reduces Dym. Because peroxynitrate inhibits complexes I, II, and III, our data support the idea that the effect of SNP on apoptosis is not through peroxynitrate production. Because the inhibition of complex IV modified mitochondrial activity and cell survival, our results suggest that the effect of SNP on apoptosis is mediated by reduction of its enzymatic activity.
